In multicellular organisms, very little is known about the role of mRNA stability in development, and few proteins involved in degradation pathways have been characterized. We have identified the Drosophila homologue of XRN1, which is the major cytoplasmic 5′-3′ exoribonuclease in Saccharomyces cerevisiae. The protein sequence of this homologue (pacman) has 59% identity to S. cerevisiae XRN1 and 67% identity to the mouse homologue (mXRN1p) in certain regions. Sequencing of this cDNA revealed that it includes a trinucleotide repeat (CAG) 9 which encodes polyglutamine. By directly measuring pacman exoribonuclease activity in yeast, we demonstrate that pacman can complement the yeast XRN1 mutation. Northern blots show a single transcript of approximately 5.2 kb which is abundant only in 0-8-h embryos and in adult males and females. In situ hybridization analysis revealed that the pcm transcripts are maternally derived, and are expressed at high levels in nurse cells. During early embryonic syncytial nuclear divisions, pcm transcripts are homogenously distributed. pcm mRNA is expressed abundantly and ubiquitously throughout the embryo during gastrulation, with high levels in the germ band and head structures. After germ band retraction, pcm transcripts are present at much lower levels, in agreement with the Northern results. Our experiments provide the first example of an exoribonuclease which is differentially expressed throughout development.
Results
The control of RNA turnover is a crucial element of gene regulation in all organisms (Belasco and Brawerman, 1993; Decker and Parker, 1994) . Specific, timed degradation of maternal mRNAs is a ubiquitous feature of early development in Drosophila and vertebrates, and degradation of specific mRNAs after translational suppression is likely to be crucial to pattern formation (Tautz and Pfeiffle, 1989; Duval et al., 1990; Dubnau and Struhl, 1996; Cooperstock and Lipshitz, 1997; Wreden et al., 1997) . One reason why so little is known about the control of mRNA stability in multicellular organisms is that very few cytoplasmic ribonucleases have been cloned and characterized. S cerevisiae XRN1 is one of the few ribonucleases that has been characterized in eukaryotes and is the major ribonuclease involved in the 5′-3′ degradation of mRNAs after they have been de-capped (Heyer et al., 1995; Muhlrad et al., 1995) . We have isolated a full length cDNA from Drosophila (pacman) encoding a protein which is highly homologous to Xrn1p. Analysis of the deduced protein sequence shows that it has significant homologies to S. cerevisiae Xrn1p and Rat1p, S. pombe Exo2 and Dhp1p and to M. musculus mXRN1p, Dhm1p and Dhm2p (Tishkoff et al., 1991; Amberg et al., 1992; Szankasi and Smith, 1992; Sugano et al., 1994; Shobuike et al., 1995; Bashkirov et al., 1997 XRN1 throughout the entire length of the protein, and that there is significant sequence conservation between PCM and six other homologues within regions at the N-terminal end of the protein (Fig. 1A,B and data not shown). The significant identity between PCM and S. cerevisiae XRN1 (59% in certain regions), suggests that it is a 5′-3′ exoribonuclease.
During sequencing of the pcm gene, we found that it contained the sequence (CAG) repeated perfectly nine times near the C-terminal end of the protein. This sequence encodes a polyglutamine tract and further inspection of the sequence revealed another glutamine cluster approximately 85 amino-acids N-terminal to this tract. The majority of polyglutamine (or OPA) repeats in Drosophila are found within essential developmental proteins, some of which play a role in central nervous system development (Karlin and Burge, 1996) . Although most proteins containing OPA repeats are thought to be transcription factors, some, such as pumilio, bicoid, ELAV and staufen, are known to be RNAbinding proteins (Robinow and White, 1991; Murata and Wharton, 1995; Breitweiser et al., 1996; Rivera-Pomar et al., 1996) .
To determine whether PCM has exoribonuclease activity in vivo, we attempted to functionally complement a yeast xrn1 − deletion mutation. The pcm cDNA was cloned into the yeast expression vector YCpSUPEXP1 (Oliveira et al., 1993) under the control of the inducible P GPF promoter to make plasmid pDOT1. This plasmid was then transformed into a strain of yeast lacking the XRN1 gene and bearing a ts mutation in the gene encoding PolII (rpb1-1). After heat shock at 37°C, which shuts down transcription, samples were taken at 2-or 3-min intervals. Total mRNA was then isolated from these samples and analyzed by Northern blotting ( Fig. 2A) . Quantitation of the blots obtained showed that MATa1 mRNA (which degrades primarily in a 5′-3′ direction (Muhlrad et al., 1994) ) has a half-life of 9.8 ± 0.4 min in the XRN1 null mutant. Upon transformation with pcm, the half-life of this mRNA decreases to wild-type levels (4.2 ± 0.5 min). Therefore PCM can act as a 5′-3′ exonuclease in yeast cells, in accelerating mRNA degradation to a quantitatively equivalent degree as yeast Xrn1p. This is the first study which has shown that a exoribonuclease from a higher eukaryote specifically affects the halflife of yeast mRNAs; other studies have examined steady state levels of marker mRNAs.
To determine the expression of pcm throughout the Drosophila life cycle, we isolated polyA mRNA from flies at different stages of their life cycle and analyzed amounts of pcm mRNA by Northern blotting (Fig. 2B ) Quantitation of pcm transcripts showed that is differentially expressed throughout Drosophila development. The 5.2 kb pcm transcripts are abundantly expressed in 0-4-and 4-8-h embryos and in adult males and females. However, very little expression is detected throughout other stages of the life cycle. Expression of pcm mRNA was also analyzed by wholemount in-situ hybridization using digoxigenin-labelled antisense RNA probes. Expression of pcm transcripts were first detected in both nurse cells and oocytes of stage 3 egg chambers (data not shown). At stage 10, pcm transcripts are abundantly expressed in nurse cells, with very little expression in the oocyte (Fig. 2C, panel A) . During early embryonic syncytial nuclear divisions, pcm transcripts were homogenously distributed (Fig. 2C, panel B) . Throughout gastrulation, pcm mRNA is ubiquitous and particularly abundant in the germ-band and head structures (Fig. 2C , panel C). After germ-band retraction the mRNA is present at much lower levels (Fig. 2C, panel D) , in agreement with Northern blotting results. Our data therefore show that the levels of pacman exoribonuclease transcripts vary throughout development.
Methods

Cloning of Drosophila pacman
A partial cDNA encoding a Drosophila XRN1 homologue was initially obtained by PCR using degenerate oligonucleotides corresponding to highly conserved regions of S. cerevisiae XRN1 (Tishkoff et al., 1991) and S. pombe Exo2 (Szankasi and Smith, 1992 ). This PCR product was then used to screen a 0-4-h plasmid cDNA library (kindly provided by Nick Brown, Cambridge). Standard procedures were used for library screening, DNA hybridization and sequencing.
Yeast strains, growth conditions and transformation procedures
The yeast strain used in this study was RP693 (aleu2 ura3-52 xrn1::leu2 rpb1-1).
Yeast media was prepared as described (Guthrie and Fink, 1991) . Cells were cultured on media lacking uracil to select and maintain the plasmids used in these studies, and containing 2% galactose (for the GPF promoter constructs). The entire pcm coding region plus the 3′-UTR was cloned, in frame, into the yeast expression vector YCpSU-PEX1(behind the P GPF promoter (Oliveira et al., 1993) ). Induction of the P GPF promoter was performed as described previously (Oliveira et al., 1993) . Cells harbouring the rpb1-1 allele were grown at 26°C. Yeast transformation was performed according to standard protocols (Schiestl and Gietz, 1989) .
RNA preparations and analysis
Yeast mRNA half-life analysis was performed using yeast transformants harbouring a temperature-sensitive allele of RNA polymerase II (rpb1-1) grown in selective media. The mRNA decay rates were determined as described previously. The results of these experiments were quantified on a Molecular Dynamics Phosphorimager using the ImageQuant software v3.3. The mRNA abundance was normalized using the PGK1 mRNA as standard, correcting for the kinetics of PGK1 mRNA decay (Linz et al., 1997) .
For Drosophila Northerns, total RNA was prepared from 11 different life stages of Oregon R wild-type Drosophila using standard techniques (Sambrook et al., 1989 ). PolyA + mRNA was then purified from the total RNA using oligo(dT)-cellulose spin columns (Pharmacia) according to the manufacturers instructions. The mRNA was then sepa- (a) Northern blot probed with a 1.7 kb fragment of pacman cDNA and a 300 bp fragment from the ribosomal protein (rp49) gene. rp49 is known to be expressed at constant levels throughout development and is used as a loading control. (b) pacman expression was analysed using a phosphorimager and normalized by dividing the intensity of the pacman bands with the intensity of the rp49 bands, then expressing this number as a percentage of maximum levels. Developmental stages are (1) 0-4-h embryos; (2) 4-8-h embryos; (3) 8-24-h embryos; (4) 1st instar larvae; (5) 2nd instar larvae; (7) early pupae; (8) mid-pupae; (9) mid-late pupae; (10) late pupae; (11) adults. (C) Spatial and temporal distribution of pacman mRNA in wild-type ovaries and embryos. Whole-mount in-situ hybridisation was carried out using digoxygenin labelled antisense probes. rated on agarose-formaldehyde gels, transferred to Nylon membranes (Amersham) and probed with random primed pcm cDNA with minor modifications to standard techniques (Sambrook et al., 1989) . Three independent Northern blots were prepared and all gave identical results.
In-situ hybridisations were performed on wild-type (Oregon R) Drosophila embryos or egg chambers using digoxygenin-labelled (DIG) anti-sense RNA probes. Techniques were performed as described previously (Myers et al., 1995) . Antisense pcm probes were generated by linearising a plasmid containing 2.6 kb of pcm coding sequences with BspE1 and transcribing a 2.2 kb RNA with T7 polymerase according to the manufacturers instructions (BoehringerMannheim). Embryos were stained as described by the manufacturers instructions (Boehringer-Mannheim) and mounted in JB-4 methacrylate (Polysciences). Three different anti-sense probes were used and all gave identical results.
